Introduction
Polyhedral oligomeric silsesquioxanes (POSS) have been used as an interesting class of precursors for the synthesis of molecularly designed organic/ inorganic hybrids [1] . POSS bridges the gap between fillers and monomers in modifying macromolecules mobility and thus the reinforcement of polymer materials. Indeed, POSS are organic/inorganic molecules, with a size of approximately 1 to 3 nm, with a general formula of (RSiO 1, 5 )n where R is hydrogen or an organic group, such as alkyl, aryl or any of their derivatives [2, 3] . The size of the pendant POSS cage is comparable to the dimensions of the linear polymer, enabling POSS to control the motions of the chains at the molecular level with enhanced benefits while retaining the processability and mechanical properties of the pristine polymer [1] . From a general point of view, the incorporation of the thermally robust POSS moiety into organic polymers was found to modify drastically the thermal properties of the polymer supplying improved thermal stability to the polymer matrix [4, 5] , also allowing the tailoring of the polymer glass transition temperature by tuning the POSS concentration [6] . Moreover, incorporation of POSS molecules is responsible for modifications of the mechanical properties [7, 8] as well as reduction in both flammability and rate of heat release during combustion [9] . The preparation of POSS/polymer systems has been accomplished following different approaches. In particular, in situ copolymerization of POSS to produce hybrid organic-inorganic polymers with pendent POSS groups has been widely studied both for thermoplastics and thermosets [10] [11] [12] . On the other hand, melt blending was also widely studied, this process being very appealing, economic and environmentally friendly [13, 14] . Nevertheless, the dispersion of POSS into polymers by simple melt mixing is not obvious and requires the strict control of the balance between polymer-POSS interactions and POSS-POSS self-interactions. Solution blending [15, 16] and vapour phase grafting [17] have also been attempted to incorporate POSS into a polymer matrix. Recently, some work has been also carried out on the preparation of polymer/POSS systems by melt reactive blending techniques [18] . Chemical reactions between POSS and polymer chains in the molten state can indeed be taken into advantage to promote molecular dispersion of POSS [19] . Nevertheless, the above approach can only be applied to polymer matrices carrying reactive side groups capable of reacting with silsesquioxane molecules. On this ground, the generalization of the reactive melting approach to polymers which does not carry reactive side groups is indeed of great interest. The innovative approach, proposed in the present work, is based on the reaction between silsesquioxane molecules and the macromolecule functional groups, which are formed directly during the melt blending process through a controlled scission of the polymer matrix. In order to employ chain scission to generate reactive functions to be exploited for further reactions during melt blending, very controlled statistical chain scission should be obtained. This is possible in principle with different polymers, including polyamides, polyesters and thermoplastic polyurethanes. The latter class of polymers has been chosen due to the properties of polyurethanes and the intrinsic reactivity of isocyanate groups. POSS hybrids based on polyurethane (PU) have been previously prepared by in situ polymerization. Indeed, synthesis of amphiphilic telechelic oligourethanes with terminal POSS groups through reaction of monoisocyanate substituted POSS and oligo (oxyethylene diol) and investigation of the structure of such polymers in solution were reported [20, 21] . Interestingly, chemical reaction of monoisocyanate substituted POSS fragments with polyamidoamine of a dendritic nature (polyamidoamine PAMAM dendrimers) leads to the formation of several organoinorganic core-shell type nano-hybrids [22] . Application of dihydroxy-containing POSS with isocyanate pre-polymers can yield linear segmented PU with POSS fragments as a side group of the hard segments [23] [24] [25] [26] [27] [28] . By analogy with this method, diamino-POSS was used to prepare nanostructured PU-POSS hybrid aqueous dispersions [29] . As demonstrated, the reaction of the silanol groups of an open cage POSS with isocyanate moieties gave segmented PU with POSS incorporated in the polymer main chain as a part of the hard segment [30] . Cross-linked PU were also synthesized through the reaction of octafunctional POSS with either isocyanate [31] or amine groups. [32] Few papers reported on the preparation of composites based on PU by melt blending. Bourbigot et al. [33] described the reaction to fire of composites based on TPU containing 10"wt% of POSS prepared in a Brabender-type mixer.
In this work, a novel method to prepare PU/POSS hybrids directly by melt blending is explored: controlled chain scission of a commercial thermoplastic PU (TPU) is carried out to obtain the formation of functional groups potentially capable of reacting with diol-functionalised polyhedral oligomeric silsesquioxane molecules.
Experimental 2.1. Materials
Octaisobutyl POSS (referred to as oib-POSS in the following) and trans-cyclohexanediolisobutyl POSS (referred to as POSS-OH in the following) were purchased from Hybrid Plastics (Hattiesburg, MS, USA) as crystalline powders and used as received. Chemical structures for oib-POSS (M = 873.6 g/mol) and POSS-OH (M = 959.7 g/mol) are reported in Figure 1 . The polyurethane used (Elastollan 1185A), kindly supplied by BASF (Germany), was a polyetherbased thermoplastic PU.
TPU/POSS system preparation
Before accomplishing the hybrid preparation, the polymer matrix was dried overnight at 110°C. TPU was added to the glass reactor, namely a laboratory internal mixer provided with a mechanical stirrer (Heidolth, type RZR1), which was connected to a vacuum line and evacuated for 30 min at 100°C. Then, the reactor was purged with helium for 30 min. The above operations were repeated at least three times, to be sure to avoid humidity to come in contact with the reagents. The reactor was placed in an oil bath at 220°C and when the polymer was completely molten, POSS was added under inert atmosphere. TPU/POSS systems were prepared by mixing, under inert atmosphere, the neat polymer and POSS, both octaisobutyl and trans-cyclohexanediolisobutyl POSS, at various concentrations, from 2 to 20"wt%, using a mixing time of 10 min. Neat TPU was processed and characterised under the same conditions, as reference material. Materials are identified in the text with the format polymer/POSS type(concentration); as: TPU/POSS-OH (10) . In order to evaluate the reaction yield after melt blending, all solid samples were broken into small pieces and unreacted POSS was removed by Soxhlet extraction with hexane for 48 h. The grafting yield was calculated by weighting composite samples before and after the above treatment.
Characterization
Fourier Transform-Infrared Spectroscopy (FT-IR) spectra were recorded by a Bruker IFS66 spectrometer. The samples were scanned in the range 400-4000 cm -1 with nitrogen purge. Differential scanning calorimetry (DSC) was performed under a continuous nitrogen purge on a Mettler (Mettler, Columbus, OH, USA) calorimetric apparatus, model TC10A. Both calibrations of heat flow and temperature were based on a run in which one standard sample (indium) was heated through its melting point. Samples having a mass between 2.5 and 6 mg were used. Data were gathered using a scan rate of 10°C/min. Transmission electron microscopy analyses were performed with a high-resolution equipment JEOL 2010 (Tokyo, Japan). The measurements were carried out using an accelerating voltage of 200 kV. Ultrathin sections of about 100 nm thick were cut with a Power TOMEX microtome equipped with a diamond knife and placed on a 200-mesh copper grid and stained with ruthenium tetraoxide to obtain sufficient phase contrast. Contact angle measurements were performed at room temperature with an Erma G-1 contact angle meter using pure water as probe liquid.
3. Results and discussion 3.1. Study of the polymer matrix thermal behavior This work has been preliminarily focused on the study of TPU thermal behavior, the approach for the hybrid polymer/POSS synthesis being based on a controlled polymer matrix decomposition which allows to create reactive groups, potentially capable of reacting with silsesquioxane molecules. The mechanisms of thermal decomposition of polyurethanes were reviewed by Chattopadhyay and Webster [34] . Despite a number of possible concurrent reactions is possible, urethane bond scission (Figure 2) , is typically obtained as a first step, at relatively low temperatures (180-250°C), depending on the PU structure [34] . During thermal decomposition of PU, this first decomposition step is followed by further scission of the hard and soft segments, leading to a number of secondary decomposition products. However, secondary decomposition steps are much slower and thus require significantly higher temperature to occur. Therefore, it is possible in principle to induce a limited extent of chain scission without reaching the conditions of extensive decomposition and volatilisation of the polymer, thus allowing to produce isocyanate groups during melt mixing. Thermogravimetric measurements, carried out in heating ramp showed no detectable weight loss until 260°C, supporting no significant volatilisation of polymer during melt blending. IR spectra of our TPU and that of the polymer treated at 200°C are given in Figure 3 . The FT-IR spectrum of the neat TPU presents a characteristic band at 3328 cm -1 , which corresponds to the stretching vibration of N-H group [35] . The bands at 2956 and 2870 cm -1 can be attributed to asymmetric and symmetric stretching of CH 2 group [36] . The shoulder at 1730 cm -1 characterizes C=O stretching vibrations in ester structure, while the peak at 1705 cm -1 corresponds to C=O stretching vibration in the urethane bond (amide I band). The absorbance at 1531 cm -1 in the IR spectrum of TPU could be attributed to the coupling of N-H bending vibration with C-N stretching vibration in the -C-NH group (amide II band) [35, 36] . The weaker vibration band at 1314 cm -1 corresponds to the combination between N-H bending vibration and C-N stretching vibration (amide III band) [35] . The region 1300-1100 cm -1 is characteristic to C-O stretching vibrations in esters. The skeletal vibration of C=C in the aromatic ring from 1597 cm -1 can be coupled with the absorbance from 814 cm -1 , the last being characteristic to C-H out of plane bending vibration in 1,4-disubstituted aromatic ring [37] .While the IR spectra of the samples treated below 200°C turn out to be similar to that of the neat TPU, the polymer, which underwent a thermal treatment at 200°C online in the IR cell, shows some differences. Indeed, the band between 3600 and 3200 cm -1 is modified, with the appearance of a shoulder at 3400 cm -1 , while a new peak at ca. 2260 cm -1 appears. The former band can be assigned to hydroxyl group, whereas the one at higher wavenumbers to isocyanate group formation [35] . Moreover, the stability of the polymer matrix molecular mass, evaluated by viscosity measurements, further supports the above mechanism, the relative viscosity of the pristine TPU and that of the treated sample being equivalent, namely 1.42 and 1.41, respectively. These findings suggest that the occurrence of the chain scission reaction reported in Figure 2 is indeed an equilibrium reaction, which is weakly shifted towards the dissociated form when increasing the temperature. Therefore, in the presence of POSS-OH, reaction of isocyanate groups with POSS is possible, also depending on the reactivity ratio between POSS moieties and OH-terminated polymer chains.
Study of hybrid systems characteristics
The polymer matrix was contacted with various amounts of an hydroxyl-functionalized POSS (from 2 to 20 wt%) and, as a comparison, with 10"wt% of isobutyl-POSS at 200°C. Up to 10"wt% the hybrids turned out to be homogeneous, whereas the sample blend containing 20"wt% of POSS-OH (TPU/POSS-OH (20) ) clearly showed two separated phases at the micron scale. In the case of the sample based on isobutyl-POSS, (TPU/oib-POSS(10)), a solvent capable to swell the polymer and completely solubilize POSS molecules was found to extract the POSS entirely, evidencing the efficiency of the experimental procedure for the extraction of unbound silsesquioxanes. Conversely, for TPU/POSS(10), containing 10"wt% of POSS-OH (soluble in the same solvent), the extraction treatment seems to eliminate only a fraction of the silsesquioxane mixed with the polymer, which is only 20% of the total POSS content for TPU/POSS-OH(10). Moreover, in the case of TPU/POSS-OH (5) and TPU/POSS-OH(2) the reaction yield is almost 100%. This demonstrates the covalent bonding of POSS-OH to the TPU chain, evidencing that the reactivity of the silsesquioxane is essential for the formation of a hybrid system. DSC traces of the different TPU/POSS-OH prepared are given in Figure 4 , in comparison with pristine TPU and POSS-OH. The pristine TPU displays a glass transition at #48°C, which is typical for this kind of polymer. By analyzing these results, it comes out that a modification of T g with respect to that of the neat polymer matrix occurs even for the samples with low concentration of POSS-OH (TPU/POSS-OH (2)). In particular, the TPU/POSS-OH sample T g increases with increasing the silsesquioxane content, while in the case of TPU/oib-POSS(10), namely the system containing the unreactive POSS, the glass transition temperature remains constant. This behavior might be related to the scarce interaction between the isobutyl-POSS and the polymer matrix, as demonstrated by yield data. Taking into account the literature findings [38] [39] [40] , it is possible to interpret the increase of the glass transition temperature of our TPU/POSS systems on the basis of hindrance of polymer chain mobility induced by the presence of relatively bulky POSS cages. Moreover, for our polymer matrix, which consists of a hard and a soft segment phase, as reported in the literature [29] , the relevant increase of T g at low temperature with increasing the POSS content can be ascribed to the portioning of silsesquioxane molecules into the soft segment phase. It is worth to underline the presence of a very small peak in the DSC trace of TPU/POSS-OH (5), which is more evident for the sample TPU/POSS-OH(10). This peak can be ascribed to the melting of unbound POSS, as it not observable in the plots for samples which underwent a washing treatment to remove the unbound POSS. In order to accurately evaluate the sample microphase morphology, TEM analysis was preformed. Figure 5 shows a comparison between TEM micrographs of the neat TPU and TPU/POSS-OH (5) surface which underwent the washing treatment. It is clearly evident from this figure that the morphology of TPU/POSS-OH(5) does not show any segregation or aggregation of POSS particles, thus indicating that POSS-OH is chemically reacted with the polymer. Moreover, Si concentration has been found to be homogenous. A clear microphase-separated structure can be observed for both samples. However, the presence of POSS turns out to modify the microphase morphology, as neat TPU surface shows a finer structure compare to TPU/POSS-OH(5). Indeed, the dimension of domains seems to increase in the POSS-based TPU, evidencing that the silsesquioxane is capable of modifying the polymer microphase morphology, as previously reported in the literature [41] . On the basis of the results obtained, it is possible to hypothesize that the reaction between the polymer functional groups, formed during the melt blending, and POSS functionalities follows the mechanism shown in Figure 6 . Indeed, it is possible to suppose that both the silsesquioxane hydroxyl functionalities react with the polymer isocyanate groups, produced by chain scission, leading to POSS insertion inside the macromolecular chains or the reaction of only one of the two OH groups, forming POSS-ended chains. The effect of POSS as chain terminator is supported by the viscosity measurements, the relative viscosity of the pristine TPU and TPU/POSS-OH(10) being 1.41 and 1.21, respectively. Another property of the materials prepared, which was investigated by contact angle measurements, was the wettability. Indeed, water contact angle was measured on the surface of TPU/POSS-OH films up to 10% POSS, which underwent a washing treatment. While the contact angle of pristine TPU is about 95°, a strong reduction was obtained in the presence of POSS, to about 85 and 70° for 5% and 10% POSS loadings, respectively. This can be explained by the hydrophilicity introduced by OH groups on POSS, which are present also in the hybrids because of the formation of POSS-ended chains characterized by a hydroxyl group.
Conclusions
In this work, a novel approach for the preparation of POSS-based hybrids has been assessed. The method studied turns out to be simple, being based on reactive melting, and it is applicable to polymers which do not carry reactive side groups. Indeed, the approach consists in the reaction between silsesquioxane molecules and the macromolecule functional groups, which are formed directly during the melt blending process through a controlled scission of the polymer matrix.
In the case of TPU, it has been verified that the thermal degradation of the urethane segment, which occurs directly in a mixer under controlled atmosphere by depolymerization leads to the formation of isocyanate groups. The blending with silsesquioxane molecules, characterized by hydroxyl groups, leads to the formation of systems consisting of silsesquioxane molecules directly attached to the macromolecular chain which modify the TPU microphase morphology. The presence of POSS has been found to affect significantly the polymer glass transition temperature, as it increases by increasing POSS concentration, this phenomenon being related to the effect of POSS on the macromolecular motion and to the partitioning of silsesquioxane molecules into the soft segment phase. The presence of POSS has turned out to increase film hydrophilicity. 
